SUMMARY To relate angiographic injections to potential cardiac trauma, we verified a mathematic theory that allows quantitative definition of the kinetic energy content of contrast jets emanating from the exit holes of angiographic catheters. Cineangiographic recordings of a range of jets of known energy content were obtained in 18 cardiac canine experiments and energy content and dissipation were quantified precisely from center line to jet edge. All contrast jets produced in clinical angiographic practice were turbulent, even those from hand injections into the coronary arteries. Energy content was related to an estimated cardiac wall damage threshold. At energy MODERN ANGIOGRAPHIC PUMP INJECTORS may cause catheter recoil and generate high velocity contrast jets that may result in iatrogenically induced cardiovascular trauma. Indeed, adequate angiography is dependent on rapid delivery of large boluses of contrast medium into the vascular and ventricular chambers. Moreover, experienced angiographers empirically vary both the volume and flow rates of contrast injections and it is not surprising that a wide variety of traumatic angiographic complications have been reported in detail.' Fortunately, clinically recognized episodes of such trauma are infrequent although the true incidence of subclinical trauma is unknown.4' One difficulty in analyzing and documenting such trauma has been an inability to separate the effects of catheter whip from those of the contrast jet. In addition, no information is available concerning the precise energy content of such jets and whether they actually are traumatic. To solve these problems, we developed and reported a mathematic theory that allows isolation and definition of angiographic jet energy separately from other variables related to angiographic cardiovascular damage.6 A series of in vivo canine experiments was designed and performed to test this theory. The results of these experiments form the basis of this paper.
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Background Concepts
A detailed mathematic description of our theory has been reported previously.6 Briefly, the theory is a first order ap-levels and damage thresholds predicted by the theory and computations, a traumatic spectrum was found by cineradiology and microscopic examination.
A unique curve independent ofjet Reynolds number was discovered relating the penetration of the contrast jet into the intravascular blood to the potential for cardiac trauma. This curve allowed ready calculation of hydraulic energy dissipation for any clinically used angiographic catheter and the definition of safe operational injection flow rates. Thus potential cardiac trauma can be anticipated and prevented.
proximation for an angiographic jet that is round or axially symmetric and is discharging into an unbounded medium.
The Angiographic Jet
The Reynolds number in any type of fluid flow is the most important parameter governing the final fluid characteristics. The Reynolds number of a jet is a dimensionless number derived from the ratio of inertial to viscous forces. Depending on the jet Reynolds number, jet flow is either laminar or turbulent. A laminar jet has well defined stream lines and is without fluctuations, whereas a turbulent jet has a flow composed of chaotic random movements superimposed on the main jet. When the jet Reynolds number reaches 77, the motion of a round laminar jet becomes disturbed and eventually develops into full turbulence at higher Reynolds number (Re 2500).
The Mathematic Solution There are two approaches by which a free round jet may be analyzed. All angiographic jets emanating from the exit orifice(s) of catheters may be analyzed individually. The parameter Cp represents a measure of the energy of motion initially possessed by the angiographic jet. It is proportional to the square of the velocity of the contrast medium being injected. Because the potential vascular damage during angiography is caused primarily by the impact of the contrast jet, the kinetic energy content of the jet becomes the main determinant of trauma.
Our computations revealed that all angiographic jets are turbulent for conditions normally encountered in clinical angiography. A graphic example of the energy content, flow field, and energy dissipation calculated with the aid of a high speed digital computer (CDC 6400) is displayed in figure 1 . Note that the angiographic jets have a narrow jet spread angle and are long and dart-like. The jet retains its initial kinetic energy level for a distance of seven exit hole diameters downstream of the catheter orifice. Thereafter, the energy, along the centerline axis of the jet, decays by viscous dissipation.
A criterion for potential tissue trauma was established by relating a theoretic cardiovascular damage to the jet kinetic energy content. Energy threshold for tissue damage was extrapolated from the quantitative stress and strain measurements determined by Fry'0 as causing vascular endothelial changes. This threshold was determined to correspond to a kinetic energy level of the jet of 0.6. We hypothesize that an endothelial injury would develop from the impact of contrast jet if the kinetic energy of the jet just before impinging on the vascular wall was above the trauma threshold.
The Universal Curve
Because the nondimensional jet energy ratio, Cp, determines if the theoretic tissue trauma level is exceeded and the distance that jet energy remains above the trauma threshold, we constructed a graph relating C, to the jet penetration distance and demarcated the trauma and no trauma zone for an infinite series of contrast jets ( fig. 2) . The curve dividing the zones was at the kinetic energy level of 0.6. The remainder of this paper delineates in detail how we verified this graph by canine experiments and the practical implications of our experiments.
Methods
Eight mongrel dogs were anesthetized by intravenous administration of sodium pentobarbitol (1 ml/5 lbs) and subjected to thoracotomy. A special hand-held device was constructed that allowed a No. 7 French end-hole catheter, tapered to an exit-hole orifice of 0.038 inches, to be rigidly held at right angles against the walls of the cardiac chambers at preselected distances from 0 to 20 mm ( fig. 3) . A single end-hole catheter was used in order to ensure that the angiographic jet impact was perpendicular to the cardiac wall. The holding device could be placed in either the atrium or the ventricle at any predetermined site via careful manipulation under fluoroscopy. The device has a radioopaque footplate that ensures that the orifice of the catheter is in a plane perpendicular to the cardiac wall and that a cineangiographic film strip is recorded in the plane of the injection. Once position and alignment were verified by fluoroscopy, 76% Renografin at body temperature was injected at a series of flow rates predicted from our theory to be either traumatic or harmless. Only one injection was made near a given site. Before injection of the contrast material, the heart rate was markedly decreased or temporarily stopped via the use of right vagal nerve stimulation at 30 Hz and 6 volts (SD-5 Stimulator Grass Medical Instrument Co. Model SD-SC) to allow injection of contrast material during diastole. In addition, the catheter-holding device allowed intravascular pressure recording before and after injection of Renografin. The electrocardiogram was continuously monitored. In one animal (1), two separate injections into the right atrium at different atrial sites were carried out. In another (8) , two injections were made into the FIGURE 1. Jet kinetic energy decay. A computer-generated mapping ofjet energy and its decay over distance (abscissa) is plotted. Jet energy length is expressed in nondimensional units of exit-hole diameters (X/D) (abscissa). Above is a two-dimensional dart-shaped contour map ofajet with an energy value of 3.5 exiting from an endhole catheter. Each isobar has the calculated jet energy listed on it, i.e., 2.5, 1.5, and 0.5. Note that no energy is lost for the first seven exit holes; thereafter, energy decay is rapid. The center line jet energy content of 3 jets (below) is plotted in a plane perpendicular to the upper two-dimensional display. Center line jet energies (ordinate) for three different jets demonstrate that the distance required to fall below the derived trauma threshold of 0.6 is a direct function of the initial energy content. The lower jet has so little energy that it is never potentially traumatic. Y = radial spread; X = axial distance from exit hole; D = diameter of exit hole. CIRCULATIONright atrium and one into the right ventricle. In three animals (2-4), one injection into the right atrium and two into separate right ventricular sites were performed. In two animals (5 and 6), a total of three left ventricular injections at various sites within the ventricle were carried out. All of these seven animals were sacrificed immediately after the injections. In one animal (7), a single injection into the right ventricle was performed at a level predetermined to be traumatic, and thereafter the cardiac and chest wounds were repaired. One week after thoracotomy, this animal was killed and the heart was subjected to detailed examination. All injections were delivered normal to the vascular wall and recorded at right angles to jet impact by cineangiography. The films were analyzed for evidence of angiographic staining. Prior to death, a large dose of heparin (5 ml of a 1000 units/ml solution) was administered intravenously. After the animals were killed, the areas subjected to jet impact were identified, photographed, and examined for gross pathologic changes.
The specimens were rinsed briefly in normal saline and fixed in 10% buffered formalin. Representative portions were dehydrated in alcohol and a Polaron Critical Point drying apparatus. They were then coated with carbon and gold palladium and examined with an ISI Mini-Sens II scanning electron microscope (International Scientific Instrument, Inc.). Similar portions were imbedded in paraffin and sections stained with hematoxylin and eosin, phosphotungstic acid hematoxylin (PTAH), and Gomon's trichrome stains. The results of the angiography and pathologic examination were coded by independent observers (ML and JK, respectively) and without knowledge as to whether the injections were predicted to be traumatic or harmless. The angiographic and pathologic findings were analyzed independently and without knowledge of the injection forces.
Results
Contrast material was injected into 18 separate sites in the eight dogs. Eight injections were made into the right ventricular cavity, seven into the right atrium, and three were delivered into the left ventricle. One injection into the right ventricular cavity (table 1) was designed as a chronic experiment. Eight experiments were predicted to be traumatic and all proved to be so. These injections were at flow rates employed in clinical practice. Ventricular injections predicted to be traumatic always revealed transient staining of the ventricular wall and frank myocardial contusions on gross and pathologic examination. The ventricular injection in the chronic experiment (7) also initially revealed myocardial wall staining, and pathologically, fibrosis was found in the area ofjet impact. Staining was not seen, however, in the four atrial sites of injections predicted to be traumatic, although myocardial contusions were found in three and endothelial rupture with subendothelial damage was found in the fourth. Two of the 11 injections predicted to be harmless revealed injury (3a and 6). In one (3a), injury consisted of endothelial and subendothelial hemorrhage; in the other (6), a myocardial rupture with extravasation of blood and radioopaque contrast medium occurred. In this experiment, the catheter tip directly abutted the ventricular wall throughout the entire injection, although the injection flow rate was only 4 ml/sec. In the remaining seven cases in which the injec- tions were predicted by our theory to be nontraumatic, no angiographic staining or pathologic injury was found.
Data points derived from the animal experiments were superimposed onto the energy penetration distance curves to see if flow rates and distances predicted were indeed in the traumatic or nontraumatic zones. Except for the two data points mentioned above (3a and 6), angiographic injections predicted to be nontraumatic always were, and those predicted to be traumatic correlated exactly. Thus, the actual experiments corroborated the theoretic predictions (fig. Pathologic findings demonstrated a spectrum from mild and subtle endothelial abnormalities ( fig. 5, panel D) , identified only by scanning electron microscopy, to frank and severe gross damage. Experiment 5b ( fig. 5 , panels A-C) illustrates these findings. The angiographic cardiac injections were predicted to be traumatic, and myocardial staining and gross damage were found and readily identified by light microscopy (parlels A and B). Endothelial disruption and fibrin deposition with entrapment of red and white blood cells and platelets were observed by electron microscopy (panel C). Similar endothelial changes were noted in experiment 4c ( fig. 5, panel D) . In the single dog not killed soon after trauma, right ventricular staining was noted on injection of contrast material and an area of trauma was readily identified one week after surgery. Microscopic and scanning electron examination of this area revealed fibrosis within the myocardium overlaid by a thrombus and a re-endothelialized right ventricular wall ( fig. 6 ), indicating an appreciable and more or less permanent sequelae of the injury.
Discussion
These results appear to validate the theoretic concept in a physiologic setting and should allow a quantitative approach to angiographic jets and cardiovascular trauma. Previously, Lim and Cadwallader" performed experiments seeking the energy content of angiographic jets but their approach of measuring multiple pressures in vitro for each and every individual catheter at various flow rates had obvious limitations." Furthermore, they did not relate jet impact to cardiovascular damage.
End hole catheters direct the entire force of a contrast injection out of one orifice and should never be used for left ventricular angiography. Our method was designed to validate a theory that predicts that trauma from angiographic injections can occur at critical energy levels generated at clinically used injection flow rates. Since the critical stress level was verified, the theory can be applied to any catheter regardless of the number of side holes. Thus the technique described in the present study has practical application for the clinical angiographer. Provided the catheter exit-hole diameters, the injection flow rate, and the viscosity of the contrast medium are known, the range of potential vascular damage for an angiographic jet issuing from any catheter exit-hole can be predicted prior to angiography. With these parameters, rapid and accurate calculation of the initial kinetic energy of angiographic jets is possible. Using the universal curve, the distance the energy forces must travel prior to falling below the traumatic kinetic energy level can be determined.
The spectrum of cardiac trauma we predicted and identified included endothelial disruption and subendothelial hemorrhages. Endothelial rupture was always present and was associated with a myocardial contusion, except in one case (3C), when a traumatic angiographic injection was predicted. In addition, endothelial disruption was always accompanied by thrombus formation, which conceivably could give rise to postangiographic emboli. The presence of ventricular wall staining even when transient can be equated with a myocardial contusion. "Washing out" of contrast material occurred with all but two of the myocardial stains, one a ventricular rupture and the other a false aneurysm. We believe the "washing out" phenomenon may lead the clinician to a false sense of security regarding the extent of cardiac damage that has occurred. Ventricular contusions might also explain, in part at least, electrocardiographic conduction delays or repolarization abnormalities encountered in clinical practice. Myocardial staining did not occur with any of the atrial injections even though endothelial disruption and atrial wall contusions were associated with traumatic injections in all but one instance in which there was only endothelial disruption and subendothelial hemorrhage. Probably, the small amount of contrast material that was entrapped in the atrial wall was below the resolution of our cinefluoroscopy system. The pathologic changes we induced were at times minor because we attempted to define a critical traumatic energy level. Obviously, the greater the energy content of the angiographic jet the more traumatic is the injection. In experiment 2b, a traumatic ventricular aneurysm resulted from the injection. Our results also demonstrate that ventricular irritability is an invalid index of cardiovascular trauma. Ventricular irritability was seen with every ventricular injection whether traumatic or harmless and was present even with one traumatic atrial injection. Others have also noted the inability to relate the flow rate of the contrast injection to ventricular ectopy.12
The results of our lone chronic experiment lead us to believe that the pathologic changes we demonstrated have lasting consequence in that myocardial fibrosis was found in an area that revealed myocardial staining during the injection of the angiographic contrast material. We did not measure creatine phosphokinase isoenzymes and thus cannot say with certainty that myocardial necrosis resulted from any of our traumatic injections. However, others report that a rise in creatine phosphokinase does not occur with angiographic injection.13 Possibly, this is because any area of myocardial necrosis is small and falls below the threshold of the creatine phosphokinase isoenzyme senb FIGURE 6. a) Right ventricular subendocardium and wall of dog no. 7 seven days after catheter injection of26 ml of76% Renografin sitivity. We also suspect any area of myocardial contusion to be greater than the area of potential necrosis. Whatever the explanation, the dart-like angiographic jet, if of enough strength, acutely causes a contusion and can result in residual myocardial scarring. The practical implication in a patient with a decreased ventricular function is that a scar may further compromise the myocardium.
The experimental design has some limitations. Our model does not take into account catheter recoil during the angiographic injection. Indeed, catheter whip may be an inherent safety feature of angiography, although the final position of the catheter exit holes cannot be predicted with certainty. However, we have observed that catheter recoil from most clinically used ventriculography catheters such as pigtail catheters is absent or slight at most clinically used injection flow rates. Moreover, in selective vascular angiography such as coronary, cerebral, or abdominal visualization, the catheter tip remains in a relatively fixed position. The results of our model are directly applicable in these situations and predict with greater certainty iatrogenically induced cardiovascular damage. A further question relates to the applicability of the model, the results of which only strictly apply when the catheter tip lies free of the vascular wall. Our theory is valid only when the angiographic jet is unbounded. Jet Penetration Distance (mm) FIGURE 7. A dimensional plot ofthe potentially traumatic energy zones for contrast jets exiting from a No. 7 tapered catheter with and without side holes is displayed. Note that the higher the flow rate (ordinate), the more likely the trauma zone will be entered and the longer will be the distance required for the jet energy decay to fall below the trauma threshold. The addition of side holes to the catheter reduces the traumatic potential of any given injection in a predictable fashion. EH = end hole; SH = side holes.
whereas the tapered, end-hole coronary catheter permits only a very low injection rate and is unsafe to use in ventriculography. Also, the geometry of the pigtail catheters have higher safe flow rates than the Sones coronary catheters, which are used for ventriculography in some centers, even though both catheter types have four side holes and one end hole. 
